Pulse oximetry manufacturers have introduced technologies that claim improved detection of hypoxemic events. Because improvements in signal processing and data rejection algorithms may differentially affect data reporting, we compared the data reporting and signal heuristic performance and agreement among the Nellcor N-395, Masimo SET ® , and GE Solar 8000 oximeters under a spectrum of conditions of signal integrity and arterial oxygen saturations. A blinded side-by-side comparison of technologies was performed in 27 patients, and data were analyzed for time of data availability, measures of agreement and signal heuristics, and warnings stratified by signal integrity and Spo 2 . The Solar 8000 had less total data dropout than either of the new technologies. Masimo's LoSIQ (signal quality) heuristic rejected less data than Nellcor's MOT/PS (motion/pulse search) flag. When no signal heuristic was displayed, there was little difference in precision and bias between the two newer technologies; however, agreement between devices deteriorated in the presence of SIQ, MOT, or hypoxemia. Both newer devices flagged questionable data, but their use of different rejection algorithms resulted in different probabilities of presenting data. Therefore, with poor SIQ or during hypoxemia, the Nellcor N-395 and Masimo oximeters are not clinically equivalent to each other or to the older Solar 8000 oximeter.
(Anesth Analg 2004;98:617- 22) T he ideal of continuous, accurate measurement of pulse oximetry is rarely achieved in the clinical environment. The performance of conventional pulse oximeters is affected by many factors, including motion, poor tissue perfusion, ambient light, and electromagnetic interference (1) . Performance limitations have been reported in multiple clinical studies. A prospective evaluation of 20,802 adults in the operating room (OR) and recovery room revealed an overall failure rate of 2.5%; the failure rate increased to 7.2% in patients with ASA physical status IV (2). Freund et al. (3) found that once oximetry failed intraoperatively, data would not be provided for 32% of the mean anesthesia time. Wiklund et al. (4) in a study of adults in the recovery room, found an average alarm frequency of 7%, 77% of which were false and caused by motion, low perfusion, or sensor displacement problems. In the pediatric intensive care unit (PICU) 71% of pulse oximeter alarms were false (5) .
Over the last decade, several pulse oximeter manufacturers have worked diligently to improve oximetry performance. Nellcor (Pleasanton, CA) has introduced the N-395 and, more recently, the N-595 oximeters as improvements in low signal performance. Masimo Corporation (Mission Viejo, CA) pioneered advances in oximetry performance during challenging clinical conditions of motion and poor tissue perfusion with their Signal Extraction Technology (SET ® ) (6) . Clinical studies performed to validate improved performance of the new technologies relative to conventional pulse oximetry offer conflicting views as to the relative superiority of the new technologies (7) (8) (9) (10) (11) .
Improvements in pulse oximetry technology are directed at artifact rejection during noisy signal conditions, with the putative advantage of enhanced patient safety through better detection of true desaturation events and fewer false alarms. Although compelling evidence in both laboratory and clinical environments suggests improved performance of new oximetry technology in detecting hypoxemic events during motion, this improved performance may come at a price. The improvement in the false alarm rate achieved with improved technology may be associated with a reduced or delayed detection of new alarms (12) or with inappropriate rejection of good data. The degree of hypoxemia may adversely impact oximeter performance as well (13) . Previous works have only partially addressed the issues of pulse oximetry accuracy at differing saturations (14 -22) .
Because rejection algorithms may differentially affect data reporting, the aim of this study was to compare data availability, signal heuristics, and agreement of two new oximeter technologies compared with an older standard. This study uses a novel means of assessing overall oximetry performance across a spectrum of conditions of signal integrity and arterial oxygen saturation.
Methods
A blinded side-by-side comparison of Masimo SET ® (software version 3.0), Nellcor N-395 (software version 1.9.0.2), and GE Marquette Solar 8000 (Nellcor second generation N200 equivalent) oximeters was performed using an IRB approved protocol, and written informed consent was obtained for each patient enrolled in the study. The Solar 8000 technology was the unblinded clinical standard device used for patient care. The Masimo SET ® oximeter was set in the default mode of 8-s averaging for all but the sleep studies (for which it was set in the 2-s FastSat ® averaging mode). The Nellcor N-395 averaging mode is not user selectable. Clinical staff placed the patient sensors at sites appropriate for each clinical situation. Masimo LNOP ® Neo sensors were used for the Masimo oximeter and Nellcor Oxisensor ® II N-25 sensors were used with both the N-395 and Solar 8000 oximeters.
Both newer devices provide indicators of data quality as determined by proprietary analyses of signal characteristics. The prime signal heuristic available from Masimo is Signal IQ (SIQ), a linear metric of pulse oximetry signal quality, scaled from 0 to 1. When signal quality is questionable, Masimo reports a "Low Signal IQ" (LoSIQ) message (correlating to SIQ Ͻ0.3) and provides a constant readout of SIQ across the range of measured saturations (23) . Signal heuristics available from the Nellcor N-395 oximeter include motion (MOT) and pulse search (PS). The MOT indicator lights with possible motion artifact; the PS indicator lights during prolonged and challenging monitoring conditions and flashes during a loss-of-pulse signal (24) . No signal heuristics were available from the Solar 8000 for analysis. Our study tested MOT, PS, and SIQ as signal quality indicators. We defined "high-quality signal" as the absence of a signal "flag," e.g, the absence of MOT, PS, or LoSIQ, and SIQ Ͼ0.9.
Data from all three sources were acquired simultaneously via a personal computer at 62.5 Hz using proprietary software, exported at a sample rate of 1 Hz, and further reduced to 10-s samples for analysis of time of data availability, measures of agreement, and signal heuristics and warnings stratified by both signal integrity and Spo 2 . Paired comparison among all three devices was by 2 for discreet data and analysis of variance for continuous data with two-sample or paired Student's t-tests assuming unequal variance for post hoc comparisons as appropriate. Probabilities of flagged data were compared by the 2 test and binomial exact confidence intervals were calculated. Bias (device Ϫ [average of devices]) and limits of agreement (bias Ϯ 2 sd) among devices was tested by Bland-Altman methodology across discreet intervals of Spo 2 and SIQ (25) . Differences between bias and limits of agreement (precision) were tested by Student's t-test and variance-ratio F-test, respectively. Significant differences are reported at P Ͻ 0.05, P Ͻ 0.005, and P Ͻ 0.0005. All statistical calculations were performed with Stata statistical software (Version 7; StataCorp, College Station, TX).
The study period for each patient was begun when all three oximetry sensors were attached and reporting data and concluded when the first sensor was removed. Data acquired during cardiopulmonary bypass (one patient) were excluded from analysis, as well as data acquired during periods when sensors were disconnected (e.g., during site rotation). Data and alarms from the test devices were not observable by clinical staff. Co-oximetry data were not collected during this study.
Results
The subjects ranged in age from 2 days to 15 yr, with 8 patients Ͻ2 mo old. Weights ranged from 1.4 kg to 79.8 kg with 9 patients Ͻ3 kg. Twenty-three patients were studied in acute care settings (neonatal intensive care unit, PICU, and OR) and four in the sleep laboratory. Total study duration was 85.6 h (2.74 Ϯ 2.32 h/patient). 
Data Reporting and Signal Heuristics

Effect of Signal Heuristics on Clean Data Availability
Because algorithmic data rejection is reported by both manufacturers to be an important advance in technology, we examined the relationship between a continuous measure of SIQ available on the Masimo device and the presence or absence of quality flags. The graphical representation of this analysis is shown in Figure 1 . As expected, data rejection by the Masimo device sharply changed at SIQ decreased to Ͻ0.3. For the N395, there was an almost linear relationship between SIQ and the probability of displaying unflagged data. For the Solar 8000 N200 equivalent device, data were displayed until SIQ approached zero. The distinct shapes of the curves for the different devices confirm the presence of differential rejection algorithms.
Effect of Saturation on Clean Data Availability
When confronted with poor quality signals, the amplitude of noise or motion-induced changes in detected light will far exceed the amplitude of the arterial signal, such that the red to infrared ratio calculated by a pulse oximeter will approach one, resulting in a reported saturation of approximately 85%, the isobestic point. Because of the characteristic to report artifactual data near the isobestic saturation, we examined the relationship between reported saturation and the presence of quality flags. This relationship is shown for the three devices in Figure 2 . Both Masimo and N-395 were more likely to flag data as suspect as reported saturation decreased but there was no evidence of increased flagging in the isobestic range.
Effect of Signal Heuristics on Accuracy
In Table 2 , agreement among devices by bias and precision analysis according to displayed heuristics is tested. With no Masimo signal heuristic flag, the Masimo-N395 device pair exhibits similar bias and precision to the Masimo-N200 pair. In the presence of the LoSIQ flag, performance of each pairing worsened as compared with the unflagged condition. These results are illustrated in Figure 3 , where agreement between the Masimo-N395 and Masimo-N200 pairs are observed to deteriorate at SIQ Ͻ0.3. Not surprisingly, the N395-N200 pair has a relatively small bias across a range of SIQ but does demonstrate a significant reduction in precision at Low SIQ.
Performance differences were also compared according to Nellcor heuristic flags. With no Nellcor flag, the Masimo-N395 pair exhibits a higher bias relative to the Masimo-N200 pair and the Masimo-N200 pair has a lower bias (but broader confidence interval) than the N395-N200 pair. Agreement deteriorated during MOT and PS conditions for the Masimo-N395 pair and the Masimo-N200 pair. When only "high quality" signal (no flags from either manufacturer) was analyzed, similar bias and precision was observed between device pairings, whereas agreement between any two devices was maximized. Heuristics are shown as percentage of time according to device and care area. The total number of 10-s epochs are listed for each setting. Note that the Solar 8000 oximeter was not used for comparison in the sleep lab.
MOT ϭ motion; SIQ ϭ signal quality; PS ϭ pulse search; * Masimo-N395; # N395-Solar8000; ϩ Masimo-Solar8000.
*, #, ϩ, refer to significant (P Ͻ 0.01 or greater) differences between devices. 
Effect of Oxygen Saturation on Accuracy
The reported Spo 2 also affected agreement between devices. In Figure 4 , the difference between devices (bias) is plotted as a function of 10% increments of average Spo 2 , using all available signal data. Agreement between devices begins to deteriorate at an Spo 2 of less than 80% and grows progressively worse at lower saturations. Confidence intervals are much broader at lower saturations when flagged data are incorporated into the analysis. Figure 5 shows limits of agreement for the Masimo-N395 pairing and reveals deterioration of reliability at Spo 2 Ͻ70%.
Discussion
Under optimal signal conditions, with no signal heuristic displayed, there is little difference in precision and bias between the two newer technologies, but agreement between devices was significantly affected by SIQ, MOT, and hypoxemia. Our calculated overall bias between Masimo-N395 (0.20 Ϯ 3.01) is consistent with previous publications when compared with cooximetry (19) . However, with poor signal conditions or with hypoxemia, agreement between the new devices deteriorated. Without co-oximetry data, it is impossible to tell which, if any, oximeters are accurate under these conditions. Both new technologies had heuristics that identify data with better agreement. Both Masimo's LoSIQ and Nellcor's PS select out a relatively small number of signals with higher bias and broader confidence limits. Additionally, the N395 MOT heuristic selects a substantial number of signals (13.7% overall and 17.1% in the acute care setting) with broader confidence intervals and less precision. Overall, the Masimo device posted less questionable data than the Nellcor N-395 device. It appears that the Nellcor MOT indicator is more sensitive but less specific than the Masimo LoSIQ flag. These results are consistent with laboratory-derived receiver operator characteristics of both devices (7) .
We found that the Solar 8000 second-generation oximetry technology reported more data (failing to post data only 1.3% of time) than either of the newer technologies. Failure to report oximetry data may be clinically correlated with missed desaturations as well as missed changes in saturation, both in frequency and duration. Bohnhorst et al. (12) studied 17 unsedated preterm infants, comparing conventional pulse oximetry and two new generation pulse oximeters relative to transcutaneous partial pressure of oxygen. The conventional pulse oximeter detected all hypoxemia episodes, whereas 5.4% of the episodes were missed by the Nellcor OXIMSART instrument and 0.5% were missed by the Masimo instrument. With older technology and no signal heuristic reporting, data validity is left to the clinician's interpretation.
Pulse oximetry is an important tool in detection of sleep-disordered breathing. In our sleep lab, Masimo posted more unflagged data than Nellcor N-395 (98.2% versus 90.7%). Brouillette et al. (26) , in a sleep study comparing Masimo SET ® and Nellcor N-395 oximeters, found that the Masimo oximeters register many fewer false desaturations because of MOT artifact. Of the 75 desaturation events not associated with movement artifact, Masimo detected 98.6% of events whereas the Nellcor N-395 oximeter detected 45.3% (P Ͻ 0.01). In our sleep lab analysis, Masimo signal averaging was set to 2 seconds to facilitate identification of brief desaturations. This introduces a potential source of bias when comparing oximeters with differing signal-averaging times.
In an effort to further characterize performance of the Masimo and Nellcor N-395 oximeters, we stratified the data by epochs of Spo 2 and SIQ. SIQ was chosen as a reference because SIQ is the only available signal heuristic reference that provides a continuous assessment of data integrity. Based on the different shapes of the "probability of good data" curves presented in Figure 1 , differences in the Masimo and Nellcor signal analysis algorithms produced differential probabilities of good signal conditions across the range of SIQ. Masimo has high probability of reporting good data down above SIQ of 0.3, whereas N395 algorithms for PS and MOT rejected more data at higher SIQ, reflecting differing rejection strategies. The Solar 8000 oximeter actually displayed more data at SIQ Ͻ0.4 than either the Masimo device or the N395. This is probably related to the limited ability of the older technology to reject data of questionable integrity.
Similarly, Figure 2 shows a decrease in oximetry performance at lower saturations for all devices. This is consistent with previous reports (14 -22) . A study of Nellcor N-395 and Masimo SET ® oximeters compared to measured co-oximetry oxygen saturations in 25 children with low perfusion (as evidenced by increased serum lactic acid) showed that the absolute difference between measured and calculated saturations was significantly more for both pulse oximeters when Sao 2 was Ͻ90% compared to Sao 2 Ն90% (13). Differential data rejection may contribute to differences in reported saturations.
Although overall agreement between new devices was good, interval analysis reveals significant differences at low SIQ and low Spo 2 . In Figures 3 and 4 , agreement between Masimo and Nellcor N-395 decreases both at SIQ Յ0.3 and at Spo 2 Ͻ70 (as reflected by the widening of confidence intervals below this level). Data points in the 90%-100% range (83.8% of all time in our data set) contribute to the high overall agreement between devices. However, clinically relevant disagreement occurs much more frequently during periods of desaturation. The wide limits of agreement emphasize the clinical limitations in pulse oximetry technology despite improvements in artifact rejection. Because many fewer data points were available for analysis at Spo 2 Ͻ70% (2.9% of data), the disagreement between devices at low saturation is underestimated by conventional bias and precisions analysis over the whole saturation range and may be more clinically significant when monitoring chronically desaturated patients. Although we observed disagreement between oximeters at lower saturations, it For each condition, data were reduced to 10 second epochs (N) to minimize the effect of oversampling. SET ϭ Signal extraction technology; * A-B; ϩ A-C; # B-C; @ difference between flagged and unflagged conditions. N ϭ the number of 10 second epochs for each condition. is possible that one oximeter could be more accurate in this range. Analysis of agreement between devices would be facilitated by collection of co-oximetry data. Variability in data collection could be reduced by tighter control of patient ages, clinical problems, and care area heterogeneity.
In conclusion, the purported clinical advantage of new oximetry technology is the reduction of missed desaturations and reduction in false alarms. Both Masimo SET ® and Nellcor N-395 flagged questionable data but the use of different artifact rejection algorithms resulted in different probabilities of presenting good data. With SIQ Ͼ0.3, Masimo SET ® reported significantly more unflagged data than Nellcor N-395. Agreement between devices deteriorated slightly and differently with available heuristics. Agreement between the newer devices deteriorated with lower signal integrity and lower Spo 2 such that the devices are not clinically equivalent. Even under optimal signal conditions, when all tested technologies exhibited similar bias, the wide limits of agreement revealed continued limitations in pulse oximetry technology. 
